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ABSTRACT. The seismic generation rate, SGR, at Southern California along the 1981-2007 1 
recording period is analysed with the main purpose of finding out whether there exist some 2 
correlations between seismic activity before, after and along aftershock sequences triggered 3 
by mainshocks of high magnitude. The possibility that a mainshock could be triggered by 4 
another neighbouring mainshock and its aftershock sequence is also investigated. The 5 
analyses are based on monthly SGR series, obtained as the number of events detected every 6 
month along the recording period considered. These monthly SGR series are derived for three 7 
aftershock areas associated with Landers (June 28, 1992, Mw = 7.3), Northridge (January 17, 8 
1994, Mw = 6.7) and Hector Mine (October 16, 1999, Mw = 7.1) mainshocks. The most 9 
relevant features of SGR series are investigated through various techniques: 1) the rescaled 10 
range analysis and the interpretation of the Hurst exponent in terms of persistence, anti-11 
persistence and randomness; 2) time trend estimation by the Kendall-tau algorithm and 12 
assessment of their statistical significance by the Mann-Kendall test; 3) the self-affine 13 
character, derived from semivariograms, and the Hausdorff measure; 4) autocorrelation and 14 
power spectra; 5) cross-correlation and cross-power spectra; 6) the search for the statistical 15 
distribution best reproducing the empirical probability of SGR series. Additionally, a close 16 
look at plots of epicenters within the aftershock areas, distinguishing between periods of 17 
background and aftershock activity, permits detecting some features of the seismicity. 18 
Changes on spatial patterns of seismicity suggest that the effects of tectonic stress 19 
redistribution could persist beyond an aftershock period, at short and medium distances of the 20 
mainshock. This possibility would be also in agreement with cross-correlation results for SGR 21 
series. 22 
 23 
Keywords:  seismic generation rate, southern California, fractal analyses, power and cross-24 
power spectra, generalized logistic distribution. 25 
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 26 
1. INTRODUCTION 27 
The analysis of the background seismic activity could represent a significant 28 
contribution to a better understanding of the complex mechanism of earthquake generation. 29 
Precursory seismic quiescence, several aspects of seismic hazard and correlations between 30 
aftershock sequences and seismic activity can be analyzed by taking into account background 31 
seismicity. Attention has been devoted to these topics for the last decades (Habermann and 32 
Wyss, 1984; Eneva and Paulis, 1991; Cao et al., 1996; Michael and Jones, 1998; Myers and 33 
Walters, 1999; Toda et al., 2005; Hauksson, 2010; Brune et al., 2010; Van Stiphout et al. 34 
(2011); among others). Another point of view consists in identifying changes on seismicity 35 
just before a large earthquake, as proposed by Shcherbakov et al. (2006), by using the two-36 
point correlation function and the correlation length concept. A contribution to the 37 
identification of aftershock sequences, based on the analysis of background seismicity, should 38 
be also mentioned (Bottiglieri et al., 2009). These authors proposed a method for 39 
distinguishing between Poissonian independent events and aftershocks by means of a 40 
variation coefficient related to the elapsed time between consecutive earthquakes. Another 41 
point of view is offered by Console et al. (2010), who proposed a declustering of seismic 42 
catalogues based on the ETAS model. 43 
The objectives and methodology of the present study are quite different. They are 44 
based on the seismic generation rate, SGR, series, which are obtained as the number of events 45 
detected every month. The monthly scale permits generating long SGR series and, at the same 46 
time, to obtain representative rates. This basic definition involves pure background activity, 47 
aftershock periods and seismic activity influenced by neighboring active seismic areas. The 48 
parameters used to describe the most relevant features of SGR series are based on the 49 
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following computational methods. First, two algorithms for computing time trends in SGR 50 
series and assessing their statistical significance; second, auto- and cross-correlation, and the 51 
corresponding power- and cross-power spectra, to detect spectral contents of SGR series; 52 
third, a preliminary fractal study based on the rescaled range analysis and the interpretation of  53 
the Hurst exponent in terms of persistence, anti-persistence or randomness. Additionally, the 54 
self-affine character of the series, being characterized by the Hausdorff measure; and finally, 55 
the statistical description of SGR in terms of the three-parameter generalized logistic, GLO, 56 
distribution and the L-moments formulation.      57 
 58 
Two types of SGR series are generated, according to the different objectives 59 
established.  The first type of series, SGR1, is computed along all the recording period, thus 60 
including background seismicity, main events and aftershock activity. SGR1 consists of three 61 
series, each of them corresponding to the aftershock spatial domains associated with Landers 62 
(June 28, 1992, Mw = 7.3), Northridge (January 17, 1994, Mw = 6.7) and Hector Mine 63 
(October 16, 1999, Mw = 7.1) mainshocks.  The second type of series, SGR2, also consists of 64 
three series, computed for the same spatial domains as SGR1, assembling only periods of 65 
background seismic activity, which have been selected considering some seismic generation 66 
rate profiles, as will be explained in the next Section.  SGR1 permits detecting the interaction 67 
of background seismicity, mainshocks and their aftershock sequences at short and medium 68 
distances within a seismic area. SGR2 is considered to strictly obtain information on 69 
background seismicity patterns before and after seismic crises generated by mainshocks.  70 
 71 
2. DATABASE 72 
The SGR series are obtained from the seismic records of the Southern California Seismic 73 
Network, SCSN, catalog, which is available at http://www.dat.scec.org/ftp/catalogs/SCSN. 74 
 5 
 
This seismic network covers the area given by coordinates 32o N - 37o N and 122o W – 114o 75 
W. The recording period analyzed spans from 1981 to 2007. Within this period, three relevant 76 
aftershock sequences have occurred, related to Landers (June 28, 1992, Mw = 7.3), 77 
Northridge (January 17, 1994, Mw = 6.7) and Hector Mine (October 16, 1999, Mw = 7.1) 78 
mainshocks. Figure 1a depicts the geographical location of the SCSN stations. Figure 1b 79 
shows the seismic activity (m  4.5) in this area along the 1981-2007 recording period. The fit 80 
to the Gutenberg-Richter law is assessed for this period and the spatial domains 81 
corresponding to Landers, Northridge and Hector Mine aftershock sequences (Woessner and 82 
Wiemer, 2005), and  almost equal minimum magnitudes of completeness are obtained (m = 83 
1.5 – 2.0), as shown in Figure 1c. Table 1 summarizes the main characteristics of the three 84 
seismic crises, according to Shcherbakov et al. (2006), and aftershock spatial domains as 85 
determined by Kagan (2002). It is worth mentioning that Shcherbakov et al. (2006) deduce 86 
that the catalogue completeness of the three aftershock series is achieved by a minimum local 87 
magnitude of 2.0, very close to that obtained when the whole 1981-2007 recording period is 88 
considered. Consequently, to prevent some inconsistency or lack of completeness on the 89 
series, both SGR1 and SGR2 are generated taking as minimum local magnitude 2.0. It can be 90 
also noted that Landers and Hector Mine aftershock areas partially overlap, whereas 91 
Northridge aftershock area has no spatial intersection with the other two.  (Figures 1a, 1b, 1c 92 
about here) (Table 1 about here) 93 
Figures 2a-2c show the SGR1 series for the three aftershock domains. Whereas SGR1 94 
for Northridge area is free of remarkable disturbances due to other seismic crises at short, 95 
medium or large distances, the interaction between Landers and Hector Mine areas is quite 96 
evident. These profiles are used to establish the time intervals of background seismicity for 97 
generating the SGR2 series for each aftershock area. Additionally, it is worthy of mention the 98 
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sharp increase of the background seismicity rate a few months before Landers mainshock, 99 
which could be taken as some premonitory sign of the seismic crisis. Although Landers and 100 
Hector Mine aftershock areas partially overlap, for the latter this behavior is not so clearly 101 
observed. No signs of such pattern are detected for Northridge area. It is also remarkable the 102 
increase of the background seismicity rate beyond Landers aftershock period in comparison 103 
with that previous to the mainshock. This fact would indicate that, in spite of the seismic 104 
activity decay along the aftershock period (Omori’s law), the stationary state of stresses 105 
would differ from that previous to the mainshock. A very similar pattern is observed for 106 
Northridge area. Such behavior is quite different before and after Hector Mine crisis because 107 
of the perturbation generated in this area by Landers crisis. Whereas the background rate 108 
diminishes beyond Hector Mine crisis when comparing with that previous to the mainshock, it 109 
is essentially similar to that previous to Landers mainshock.  (Figures 2a, 2b about here) 110 
 111 
The interaction between Landers and Hector Mine areas is illustrated in the maps of 112 
Figure 3. These maps represent sequentially seven periods corresponding to: background 113 
seismicity; the possible influence of two events of moderate magnitude (MW = 5.5, 5.7) in this 114 
area; another period of background seismicity; the influence of Landers mainshock (MW = 115 
7.3) and its aftershock sequence; another period of background seismicity; Hector Mine (MW 116 
= 7.1) mainshock and its aftershock sequence; and, finally, the last period of background 117 
seismicity. A common feature to all maps is an area of persistent background and aftershock 118 
activity, approximately delimited by latitudes 34.5o – 35.5 o N and longitudes 117.3 o - 116.5 o 119 
W.  After the two events of moderate magnitude (MW = 5.5, 5.7), the spatial patterns of 120 
seismicity do not remarkably change. Nevertheless, the effects of Landers mainshock and its 121 
aftershock sequence are manifested in a new fringe of seismic activity, detected not only 122 
during the aftershock period of Landers but also along the following background activity. 123 
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Signs of this new fringe are also detected along the Hector Mine mainshock and its aftershock 124 
period, as well as in the background activity after Hector Mine crisis. Additionally, the 125 
nucleus of seismic activity during the Hector Mine crisis is also detected along the posterior 126 
background activity. The influence of Landers crisis on posterior seismic patterns could be 127 
explained remembering that Landers aftershock area partially overlaps that of Hector Mine. 128 
Nevertheless, a relatively surprising fact is that Landers mainshock occurred seven years 129 
before Hector Mine event, this time span notably exceeding the assumed one-year duration of 130 
Landers aftershock sequence. In short, there would be evidences that Landers seismic crisis 131 
triggered Hector Mine mainshock. (Figure 3 about here) 132 
 133 
Maps of Figure 4 represent the spatial distribution of seismic activity in Northridge 134 
aftershock area for the whole recording period and for three sequential periods distinguishing 135 
background and aftershock activities. Northridge area is characterized by an activity lower 136 
than that of Landers and Hector Mine. The spatial distribution of background seismicity is 137 
quite similar before and after the mainshock (January 17, 1994) and the aftershock activity is 138 
strongly concentrated within an area of coordinates 34.1o - 34.5oN and 118.6 o -118.9 o W. As 139 
suggested by Figure 2b, seismicity patterns seem not to be governed by Landers crisis. 140 
(Graphs of Figure 4 about here) 141 
 142 
3. METHODOLOGY OF ANALYSIS 143 
3.1. Rescaled-range Analysis 144 
The rescaled-range analysis (Korvin,1992; Goltz, 1997; Diks, 1999, among others) is 145 
based on the power-law 146 
 𝑅(𝜏)/𝑆(𝜏) ∝ 𝜏𝐻 ,                                                    (1) 147 
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R(τ) and S(τ) are, respectively, the range of variation and standard deviation of time series 148 
segments of length τ, the exponent of this power-law being the Hurst exponent, H. If empiric 149 
data fit well equation (1), there is a clear sign that the series behaves as a self-similar or self-150 
affine fractal. Additionally, the Hurst exponent, depending on the range of values, offers a 151 
description of the randomness (H≈0.5), persistence (H>0.5) or anti-persistence (H<0.5) of the 152 
time series. This qualification represents a first step in the prediction of forthcoming elements 153 
(seismic generation rates) of the series. Essentially, randomness would discard successful 154 
forecasting methods, whereas persistence and anti-persistence would suggest specific 155 
forecasting strategies. Time trends would be an interesting predictive tool in case of 156 
persistence. For anti-persistent series, an average of previous elements would be the 157 
appropriate way. The rescaled analysis is applied to: 1) the three SGR1 series; 2) the different 158 
segments of SGR2 series, corresponding to periods of background activity, delimited 159 
according to Figures 2, 3 and 4. 160 
 161 
3.2. Hausdorff Measure 162 
Whereas the rescaled range analysis gives some insight about the possible self-similar 163 
fractal behavior of SGR series, the semivariogram 164 
𝛾(𝜉) =
1
2(𝑁−𝜉)
∑ (𝑦𝑛+𝜉 − 𝑦𝑛)
𝑁−𝜉
𝑛=1
2
 ,                                                                     (2) 165 
with ξ the different lags and N the whole length of the series {yn }, permits investigating if 166 
these series behave like self-affine fractals. If the semivariogram fit to a power-law, it is 167 
assumed that the series is self-affine and (ξ) behaves like ξ2Ha (Turcotte, 1997, Malamud and 168 
Turcotte, 1999) with Ha the Hausdorff measure, which is defined within the (0,1) range. 169 
Semivariograms are computed only for series SGR1.  170 
 171 
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3.3. Time Trends 172 
Evaluation of time trends and their statistical significance is a well-developed field, 173 
with wide application on climatic change assessments, and straightforward application to 174 
other scientific fields. It is usually recommended the estimation of time trends by means of 175 
the Kendall-tau method (Kunkel et al., 1999; Zhang et al., 2004), instead of a simple linear 176 
regression of data, provided that series to be analyzed are long enough. In this way, the finally 177 
chosen trend becomes the most probable, among all possible estimations. Statistical 178 
significance of time trends could be based on Monte-Carlo simulations (Zhang et al., 2004; 179 
Serra et al., 2006). Nevertheless, it is quite usual the application of analytical methods as the 180 
Spearmann or the Mann-Kendall tests (Sneyers, 1990; Mitchell et al., 1966) to assess at 95-181 
99% the statistical significance of the computed trends. This type of analysis is applied to 182 
series SGR2.  183 
 184 
3.4. Power- and Cross-power Spectral Densities 185 
An additional contribution to the description of the background seismicity is offered 186 
by auto- and cross-correlation and the corresponding power- and cross-power spectral 187 
densities. The analysis of the autocorrelation function permits to determine if series are short- 188 
or long- range persistent (anti-persistent) or to confirm their randomness. In this way, it 189 
represents an additional contribution to seismic rate description. Power spectral density 190 
permits to determine relevant periodicities of the analyzed signal by contrasting them with 191 
white- and Markovian red-noise components (Lana and Burgueño, 2000; Lana et al., 2005). 192 
Moreover, it can be also verified if the spectral content S() decays as 193 
𝑆(𝜔) ∝ 𝜔−𝛽 ,                                                                                                                           (3)                               194 
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the exponent    being a measure of strong or weak persistence (anti-persisitence). Cross-195 
correlation permits to detect links between different series and the delay among them. Bearing 196 
in mind the necessity of long SGR series to obtain confident auto(cross) correlation and 197 
spectral contents, only SGR1 series, covering the whole recording period, are considered at 198 
this step of the analysis. Taking advantage of results obtained for Hurst exponent and 199 
Haussdorff measure and relationships among them and β exponent (Turcotte, 1997), different 200 
models (pure Gaussian noise or a variety of fractal Gaussian noise and fractal Brownian 201 
walks) can be assumed for the evolution of the seismic generation rate. For series SGR1 202 
including all seismic activity, the three parameters (H, Ha and β) are determined from empiric 203 
data. For series SGR2 restricted to pure background seismic activity, it is very likely a notable 204 
lack of accuracy on the spectral contents due to the relatively short length of the series. In this 205 
case, β parameters can be inferred from relationships established between pairs (H,β) and 206 
(Ha,β) under two assumptions. First, SGR2 series are self-affine fractals; second, they can be 207 
assimilated to fractional Gaussian noise or Brownian walks. 208 
 209 
3.5. Statistical Model for SGR Series 210 
A statistical description of SGR series is achieved by means of the L-moments 211 
formulation (Hosking and Wallis, 2005) and the generalized logistic distribution, GLO. The 212 
probability density function of GLO is given by  213 
f(x) = α-1e-(1-κ)Y/{1+e-Y}2 ,                                                        (4) 214 
Y = -κ-1log{1-κ(x-ξ)/α} ; κ≠0  ,                                                      (5,a) 215 
Y = (x-ξ)/α ; κ=0 ,                                             (5,b) 216 
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and ξ, α and κ the location, scale and shape parameters of the distribution respectively. These 217 
parameters are derived from the first, λ1, and second, λ2, L-moments and the L-skewness, τ3, 218 
defined as the quotient λ3 /λ2, being λ3 the third L-moment 219 
κ = -τ3 ,                                                                                                                                  (6,a) 220 
α = {λ2 sin(πκ)}/(πκ)  ,                                           (6,b) 221 
ξ = λ1 – α{1/κ – π/sin(πκ)} ,                                             (6,c) 222 
For negative values of the shape parameter, the argument x of the GLO distribution is 223 
defined within the interval (ξ+ α / κ  x < ). As aftershock activity is characterized by high 224 
rates for a short time after the mainshock, and null rates at monthly scale are very unlikely, 225 
the range of the argument x, for negative κ and positive ξ+α/κ, should be appropriate. 226 
 227 
To guarantee a reliable estimation of empiric L-moments and narrow uncertainty 228 
bands derived from the Kolmogorov-Smirnov test (Benjamin and Cornell, 1970), long series 229 
are recommended. Consequently, from the statistical point of view, the seismic generation 230 
rate is analyzed for SGR1 series covering the whole recording period, thus including 231 
background seismicity and large events and their associated aftershock activity. Additionally, 232 
new series, generated by assembling SGR2 periods of background seismicity, is also fitted to 233 
the same GLO distribution. 234 
 235 
4. RESULTS     236 
4.1. Rescaled-range Analysis and Hurst Exponent 237 
The results of the rescaled analysis for the aftershock areas of Landers, Northridge and 238 
Hector Mine mainshocks are obtained making distinction among the whole 1981-2007 239 
recording period and time intervals of background seismicity. Figure 5 shows the fit of the 240 
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rescaled analysis to a power-law for SGR1 series, from which Hurst exponents can be 241 
determined, with a good square regression coefficient, greater than 0.99. Clear signs of 242 
persistence are observed for this period, as H exceeds 0.78 in all cases. Table 2 lists the Hurst 243 
exponent values derived for several background seismicity periods in the three aftershock 244 
areas (series SGR2). Persistence is also evident, especially for some periods in Landers and 245 
Hector Mine areas, with H exceeding 0.90. Although these almost coincident aftershock areas 246 
show similar seismicity patterns and there are some evidences of Landers crisis triggering 247 
Hector Mine mainshock, the same segments of background activity do not always show very 248 
similar Hurst exponents. In fact, whereas in Landers area Hurst exponent decreases along 249 
consecutive background seismicity periods, the opposite tendency is observed for Hector 250 
Mine area, as also in Northridge area. It is worth mentioning that the sign of these tendencies 251 
is kept although these background seismicity periods are interrupted by the mainshocks and 252 
their aftershock sequences. Whereas the increase on H values before and after a seismic crisis 253 
is remarkable for Hector Mine and Northridge areas, the decrease in Landers area is notably 254 
smaller. Although only three examples are shown here, it seems to be possible that H would 255 
be a fractal parameter influenced by stress field redistribution after a mainshock and its 256 
aftershock activity. (Figure 5 and Table 2 about here) 257 
 258 
4.2. Time Trends 259 
As mentioned before, one complement to the rescaled analysis, especially when 260 
persistence is established, is the quantification of time trends and their statistical significance. 261 
Table 3 summarizes the results in the three aftershock areas, for the segments of background 262 
activity listed in Table 2. It should be remembered the partial overlapping of Landers and 263 
Hector Mine areas. Consequently, similar patterns are expected for both areas. For most of the 264 
analyzed periods, statistically significant trends are found. A detailed revision of trend signs 265 
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and statistical significance suggests: 1) for periods previous to seismic crises linked to 266 
moderate magnitude mainshocks (1981-1986/1987), positive or non significant trends are 267 
detected; 2) along some years before aftershock sequences of Landers (1992) and Northridge 268 
(1994), associated with high magnitude mainshocks, clearly significant negative trends on 269 
background seismicity are established. This feature cannot be corroborated for Hector Mine 270 
crisis (1999), because no significant trends are determined for the previous period (1996-271 
1999); 3) once the stress release process linked to Northridge and Hector Mine crises can be 272 
assumed as finished, significant negative trends are detected. This pattern cannot be assessed 273 
for Landers crisis, as significant trends are not found.    (Table 3 about here) 274 
 275 
4.3. Self-affine Character  276 
The fractal behavior, and more specifically the self-affine character, of the SGR series 277 
can be also analyzed by means of semivariograms. As mentioned, if a semivariogram () 278 
behaves as 2Ha, being  the lag in time units of months, the Hausdorff measure, Ha, can be 279 
easily estimated. As shown in Figure 6, such a behavior is detected for series SGR1. 280 
Hausdorff measure varies within a narrow range from 0.88 to 0.93. In agreement with 281 
relationships established by Turcotte (1997) between Hausdorff measure, Hurst exponent and 282 
the parameter β of the power spectral density S(), proportional to -, SGR1 series could be 283 
similar to two different types of self-affine sets. After generating series of Gaussian noise, 284 
computing their Fourier transform, filtering the obtained spectra and, finally, applying an 285 
inverse Fourier transform (Mandelbrot and Wallis, 1969), different self-affine series are 286 
obtained, depending on the filtering parameter β/2. From the point of view of Hausdorff 287 
measure, SGR1 would be summed fractional Brownian walks (sfBw) with β ranging 288 
approximately from 2 to 3. By taking into account Hurst values, SGR1 would be fractional 289 
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Gaussian noises (fGn) with β within the {0, 1} range. Although the self-affine character of 290 
SGR1 is verified after the semivariogram analysis, the inferred range of β differs depending 291 
on Hurst and Hausdorff values. Thus, it should be necessary a direct estimation of β by 292 
reviewing the power spectral density decay with . (Figure 6 about here) 293 
 294 
4.4. Power- and Cross-power Spectral Densities 295 
The autocorrelation of SGR1 is shown in Figure 7a. Quite strong persistence 296 
(autocorrelation exceeding 0.6) is only detected for Landers and Hector Mine areas and, as 297 
expected, their autocorrelation patterns are very similar. Figure 7b ascertains the power-law 298 
decay with  (increase with the period), of the spectral density. Hypotheses concerning 299 
spectral contents for series SGR1 based for instance on white-noise or Markovian red-noise 300 
behavior should be discarded. Exponents β, exceeding 0.5 (Northridge) and slightly exceeding 301 
1.0 (Landers and Hector Mine), suggest fGn models for simulating empiric SGR1 series. 302 
Nevertheless, it should be taken into account that this possibility is not in agreement with the 303 
range of Hausdorff measure. Thus, in spite of the confirmed self-affine character of SGR1 304 
series, a model based on Gaussian noise series and the appropriate filtering process, 305 
characterized by the parameter β, of these series should be debatable. (Figures 7a, 7b, about 306 
here) 307 
 308 
With respect to series SGR2, bearing in mind that they represent relatively short 309 
segments of background seismicity, results concerning Hausdorff measure derived from 310 
semivariograms would be questionable. Similarly, the computation of the power spectral 311 
density should be submitted to notable uncertainties. In consequence, only an approach to the 312 
self-affine character of SGR2 series could be achieved by taking into account that Hurst 313 
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exponent values would be compatible with fGn series. Obviously, without confident results of 314 
β and Ha exponents, this possibility is only a hypothesis.    315 
 316 
The cross-correlation and cross-power spectral density for SGR1 corresponding to 317 
Landers, Northridge and Hector Mine aftershock areas are shown in Figures 7c and 7d. 318 
Cross–correlations are characterized by several peaks at different lags, depending on the pair 319 
of analyzed series. A notable feature is a common peak for a lag close to 90 months, which is 320 
approximately the elapsed time between Landers and Hector Mine mainshocks. This 321 
normalized peak is relatively small, except for the pair Landers-Hector Mine, for which it 322 
reaches a normalized value of 0.4. Pairs Landers-Northridge and Hector Mine –Northridge are 323 
also characterized by normalized peaks of 1.0 for lags close to 20 months, which is very 324 
approximately the elapsed time between Landers and Northridge mainshocks. The strong 325 
correlation between seismicity rates and a null time shift between Landers and Hector Mine 326 
aftershock areas is manifested by the normalized peak of 1.0 obtained for a null lag. After 327 
reviewing these common features, it looks like clear the close relationship between SGR1 328 
series for Landers and Hector Mine.  Given that aftershock areas of Landers and Hector Mine 329 
are almost coincident, it should be expected a close relationship between them. Nevertheless, 330 
the interaction between Northridge crisis and Landers and Hector Mine crises was not so 331 
expected, bearing in mind that a visual inspection of SGR1 series (Figure 2) does not suggest 332 
this kind of interaction. Cross-power spectral densities (Figure 7d) are characterized by a 333 
power-law behavior in terms of  similar to that detected for power spectral densities. Once 334 
more, the strong correlation between the seismic activity of Landers and Hector Mine areas is 335 
underlined by the quite similar β exponent for Landers-Northridge (0.83) and Hector Mine-336 
Northridge (0.84). The pair Hector Mine-Landers depicts a power-law decreasing of spectral 337 
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density with an exponent β (1.18) very similar to that obtained for the corresponding power 338 
spectral densities (1.19), suggesting again the strong similarity of these two seismic activities. 339 
(Figures 7c, 7d  about here) 340 
 341 
4.5. Statistical Modeling  342 
Another interesting point of view to characterize the background seismic activity is 343 
determining the best statistical model fitting empirical probabilities for SGR series. Given that 344 
the L-moments formulation offers a confident way of deciding which is the best statistical 345 
model by taking profit of the L-skewness-kurtosis diagrams, this formulation is chosen for the 346 
statistical analysis. Theoretical curves for generalized logistic, GLO, and Pearson-type III, 347 
PE3, accompanied by empiric L-skewness-kurtosis pairs for SGR1 and SGR2 are shown in 348 
Figure 8. Given that in most of cases the right model is GLO, all empirical SGR1 and 349 
assembled SGR2 series are finally fitted to this model. Figure 9a shows fits of SGR1 350 
(including aftershock activity) to GLO model and Figure 9b fits of SGR2 (assembled 351 
segments of background activity) for Landers, Northridge and Hector Mine areas. Dashed 352 
lines represent Kolmogorov-Smirnov 95% uncertainty bands, with values estimated by the 353 
±1.36/n1/2 approach (Benjamin and Cornell, 1970) being n the number of SGR samples. Table 354 
4 summarizes the values of GLO model parameters and the theoretical range of SGR. 355 
According to these values, only the location parameter ξ does not remarkably change when 356 
the whole recording period (SGR1) or only assembled periods of background seismicity 357 
(SGR2) are considered. (Figures 8, 9a, 9b and Table 4 about here) 358 
 359 
Another question to be mentioned is the range of the argument ΔSGR of the GLO 360 
distribution. For series SGR1, generated by taking into account all the recording period, lower 361 
limits vary from 15.0 (Northridge) to 136.8 (Landers). These lower limits are closely related 362 
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to the level of seismic activity of the different analyzed areas. It is also worth mentioning that 363 
Landers aftershock area depicts an outstanding activity, even for periods without aftershock 364 
activity. Hector Mine area shows lower activity and, finally, Northridge domain is 365 
characterized by a remarkable low level of seismicity. Obviously, these levels of seismic 366 
activity are notably reduced for assembled SGR2 series, being almost equal for Hector Mine 367 
and Northridge areas. Mention has to be made of the negative lower limit for Landers SGR2 368 
series. After a close look at the corresponding plot (Figure 9b), it has to be assumed that this 369 
negative number is a computational artifact, instead of a wrong fit to GLO model, given that 370 
the cumulative distribution function for SGR2 equal to or lowering 90 events/month is only 371 
close to 1% of all SGR2 samples. Another question to review is the unrealistic upper limit of 372 
GLO distribution argument for all SGR series. Although an infinite value for any one of the 373 
SGR1 series has not physical meaning, the theoretical upper limit of GLO distribution should 374 
be simply assumed as an asymptotic value of real series. This fact is not so easy to justify for 375 
SGR2 series (Figure 9b), with empirical maximum values varying from 600 events/month 376 
(Landers) to 200 events/month (Northridge). In spite of this, given that the L-skewness-377 
kurtosis diagrams and the Kolmogorov-Smirnov 95% uncertainty bands confirm the goodness 378 
of fit of SGR2 empirical distributions to GLO model, the upper limit of the theoretical 379 
distribution for SGR2 has to be also assumed as an asymptotic value. 380 
 381 
5. DISCUSION OF THE RESULTS  382 
Two relevant patterns concerning background activity for the three aftershock areas 383 
can be observed in Figure 2. First, the achievement of stationary seismicity rates takes more 384 
than the assumed one-year span of aftershock activity. Second, this background seismicity 385 
stationary level is quite different previous to the mainshock and beyond the aftershock 386 
activity. Whereas for Landers and Northridge episodes the background activity is slightly 387 
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higher after than before the seismic crisis, the level of seismic activity for Hector Mine is 388 
lower at the end of the crisis. Then, stress release processes along the aftershock sequences 389 
would generate states of stresses not necessarily equal to those related to previous seismic 390 
rates. 391 
 392 
Another interesting feature is the spatial distribution of the seismicity before and after 393 
seismic crises, as well as the generation and persistence of nuclei of seismicity after a seismic 394 
crisis. An example is shown in Figure 3. Spatial patterns of seismic activity do not change 395 
until the triggering of Landers mainshock and the consequent aftershock activity. A belt of 396 
low seismic activity, previous to the mainshock, is strongly enhanced along the aftershock 397 
period and it persists, through the Hector Mine crisis, up to year 2007 (end of the analyzed 398 
period). Even more, Landers mainshock and its aftershock sequence could be one of the 399 
factors contributing to the triggering of Hector Mine mainshock. In other words, changes on 400 
stress field due to Landers crisis would have contributed to generate rupture of Hector Mine. 401 
This hypothesis would be in agreement with Parsons and Dreger (2000) and Felzer et al. 402 
(2002), who take into account seismotectonic arguments to also assume this hypothesis.  403 
Additionally, this interaction of the Landers crisis on the triggering of Hector Mine 404 
mainshock should be plausible taking into account the vicinity of both hypocenters. 405 
Nevertheless, as a counterpart, Northridge area is relatively close to Landers and Hector Mine 406 
areas (Figure 1) and effects of these crises on Northridge SGR1 curve (Figure2) and the 407 
spatial distribution of seismicity (Figure 4) are not detected. These contradictory examples of 408 
correlation and lack of correlation would be a consequence of the complex (fractal) 409 
distribution of faults, as well as of the heterogeneous distribution of tectonic stresses, both 410 
factors leading to a complex nonlinear mechanism governing the seismic activity and the 411 
stress propagation.   412 
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  413 
The preceding discussion suggests that the seismic generation rate should be 414 
considered as a complex nonlinear system and that SGR series should be analyzed by means 415 
of fractal techniques. In agreement with this hypothesis, Hurst exponent and Hausdorff 416 
measure (together with time trend estimation), auto and cross-correlation, and parameter β of 417 
the power and cross-power spectral densities offer a quite complete description of the 418 
complex mechanism of the seismicity. Hurst exponents manifest time persistence for periods 419 
of pure background seismicity and for the whole recording period, this fact being 420 
corroborated by some statistically significant trends, most of them negative. It is also worthy 421 
of mention that changes on Hurst exponent, always manifesting a persistent behaviour, seem 422 
to be partially conditioned by the evolution of stress fields along the background seismicity 423 
period before a mainshock and beyond the corresponding aftershock period. With respect to 424 
the significant time trends, it should be remembered the short time scale of the analysis (27 425 
years) in comparison with length of seismotectonic processes. These trends could be a simple 426 
picture of short-time fluctuations on tectonic stress fields, but at the same time an interesting 427 
starting point for forecasting tools based on the persistence evidenced by the Hurst exponent. 428 
Additionally, Hausdorff measure derived from semivariograms verifies the self-affine 429 
character of SGR series for the whole recording period. Nevertheless, comparisons among H, 430 
Ha and β do not permit assigning a specific model (derived from filtered Gaussian noise) to  431 
simulate SGR series. In spite of this, the power spectral density S() proportional to -, lags 432 
associated with the relative maxima of the autocorrelation function and Hurst exponents 433 
would be in agreement with models of SGR close to non-stationary long range persistence (  434 
slightly exceeding 1.0)  for Hector Mine and Landers areas. Northridge area, related to β close 435 
to 0.5, should be characterized by stationary weak long-range persistence.  436 
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 437 
Another interesting question is the revision of lags related to maxima of cross-438 
correlation. Although a look at seismicity map time evolution does not permit to detect 439 
relationships between Northridge - Hector Mine and Northridge – Landers SGR1 series, some 440 
of these lags are very close to the elapsed times between the three mainshocks. Specifically, 441 
the coincident main peaks of Landers - Northridge and Hector Mine - Northridge cross-442 
correlations would manifest the influence of Landers crisis on Northridge’s. Similarly, the 443 
cross-correlation peak corresponding to the Landers – Hector Mine would approximately 444 
agree with the elapsed time between both mainshocks. Consequently, several signs point to 445 
underlying mechanism governing the seismicity of a certain area should depend partially on 446 
previous seismicity in neighboring areas. 447 
 448 
Finally, the statistical analysis permits to verify that the theoretical distribution of 449 
monthly seismic generation rate does not depend on the area analyzed neither on the period 450 
considered, as the generalized logistic function, GLO, is the common distribution function 451 
model. Obviously, depending on the range of SGR series (background seismicity or the 452 
complete seismic activity), the scale, , and shape, , parameters of GLO distribution have 453 
different values. Nevertheless, the location parameter, ξ, does not distinguish between 454 
background seismicity (SGR2) and the complete seismic activity (SGR1).   455 
 456 
6. CONCLUSIONS   457 
An approach to the complex nonlinear mechanism of the seismicity has been achieved 458 
by evaluating time series of seismic generation rate at monthly scale. The fractal analysis has 459 
permitted to examine the whole 1981-2007 recording period, as well as segments of 460 
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background seismicity. The effects of tectonic stress release after a mainshock on 461 
neighbouring high-magnitude events have been empirically and qualitatively reviewed by 462 
looking closely at the spatial distribution of seismicity and cross-correlation and cross-power 463 
spectrum of SGR1. Notable time persistence (H clearly exceeding 0.5), corroborated by some 464 
statistically significant time trends, is also detected. SGR1 can be also defined as series with 465 
self-affine properties. Nevertheless, due to the different interpretation depending on pairs (H, 466 
β) and (Ha, β), it is not well resolved if these series could be interpreted as the result of 467 
filtered Gaussian noise.  468 
 469 
Some characteristics related to SGR1 series, as the Hurst exponent, time trends on the 470 
background seismicity, stress levels before and after a seismic crisis and the time evolution of 471 
SGR1 series close to a seismic crisis, could be considered as possible predictive signs of 472 
forthcoming seismic crises. Whereas the results indicate that this inference seems to be 473 
plausible for Landers crisis, it is not so clear for Northridge crisis. For Hector Mine, this 474 
hypothesis can be assumed with some uncertainty because the results are influenced by the 475 
spatial vicinity of Landers crisis.  476 
 477 
Finally, it should be mentioned that other fractal techniques could be applied, as those 478 
based on the reconstruction theorem, which would contribute to validate the complexity of the 479 
physical mechanism of the seismicity, loss of memory of the process, chaotic behaviour and 480 
predictive instability. Nevertheless, one of the shortcomings of the reconstruction theorem 481 
should be remembered: among other constraints, confident results are based on long series. 482 
Even the whole 1981-2007 recording period does not generate long enough monthly series. 483 
As a counterpart, longer SGR series could be easily generated at shorter time scales. 484 
Nevertheless, it is debatable that these shorter time scales could be appropriate for a right 485 
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description of seismic rates, especially for cases such as Northridge area, where the seismic 486 
activity, excepting along the aftershock period, is not very intense. 487 
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List of Figures 
Figure 1. a) Geographical SCSN network domain. b) Epicenters of earthquakes along 
the 1981-2007 recording period with local magnitudes ≥ 4.5. c) Guternberg-Richter law 
for the three catalogues associated with the three aftershock areas and the whole 1981-
2007 recording period.   
Figure 2. SGR1 series for the afterhock areas of Landers (a), Northridge (b) and Hector 
Mine (c). More detailed plots are included for time intervals corresponding to a few 
years before and after mainshock events.   
Figure 3. Spatial distribution of epicenters in Hector Mine aftershock area for seven 
sequential time periods, distinguishing background seismicity from aftershock activity. 
Figure 4. Spatial distribution of epicenters in Northridge aftershock area for three 
sequential periods, distinguishing background from aftershock seismic activities. 
Figure 5. Rescaled analysis for the three aftershock areas. Analysed series SGR1 
include all the 1981-2007 recording period. 
Figure 6. Semivariograms for SGR1 series, including aftershock episodes. 
Figure 7. a) Autocorrelation for series SGR1. b) Power spectral density for series 
SGR1. c) Cross-correlation between Landers and Northridge, Hector Mine and Landers 
and Hector Mine and Northridge SGR1 series. d) Cross-power spectral density for 
Landers and Northridge, Hector Mine and Landers and Hector Mine and Northridge 
SGR1 series. 
Figure 8. L-skewness-kurtosis diagram for generalized logistic, GLO, and Pearson-type 
III, PE-3, models. Acronyms LND, NOR and HM design SGR1 series for the whole 
recording period. LNDb, NORb and HMb correspond to assembled series, SGR2, of 
background seismic rate for the three aftershock areas.  
Figure 9. Statistical distribution of SGR1 and SGR2 series for a) the whole recording 
period and b) assembled periods of background activity.  
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Figure 9.  
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Table 1. Local magnitude, m; latitude, ; longitude, ; date, length, L (days) of the 
aftershock activity; minimum magnitude, mmin, assuring catalogue completeness; b-
parameter of the G-R law; number of aftershocks, NA, equaling to or exceeding 
magnitude mmin, and aftershock area, given in degrees of latitude and longitude around 
the epicenter. 
 m  (ºN)   (ºW) Date L mmin B NA Area 
Landers 7.3 34:12.00 116:26.22 O6/28/1992 365    2.0 0.980.02 20649 1.10x1.10 
Northridge 6.7 34:12.78 118:32.22 01/17/1994 365 2.0 0.910.02 5979 0.60x0.60 
Hector Mine 7.1 34:35.64 116:16.26 10/16/1999 365 2.0 1.010.01 12334 1.00x1.00 
 
 
  
Table
  
Table 2. Values of Hurst exponent, H, for the three aftershock areas and several 
background activity periods. 
Landers Northridge Hector Mine 
Years H Years H Years H 
1981-86 0.93 1981-87 0.67 1981-86 0.78 
1987-92 0.82 1988-94 0.73 1987-92 0.83 
1996-99 0.78 1995-07 0.88 1996-99 0.83 
2002-07 0.75   2002-07 0.96 
 
  
  
Table 3. Significant time trend, Slp, in events/month, and Mann-Kendall statistic, Emk 
for segments of background seismicity (SGR2 series). Non-significant trends are not 
listed.  
Landers Northridge Hector Mine  
Years Slp Emk Years Slp Emk Years Slp Emk 
1981-86  1.8 3.5 1981-87 ---- ---- 1981-86  1.3 5.2 
1987-92 -2.4 -6.0 1988-94 -
0.17 
-3.4 1987-92 -1.6 -5.8 
1996-99 
 
 ---- ---- 1995-07 -
0.26 
-10.8 1996-99 ---- ---- 
2002-07 -1.3 -2.3    2002-07 -1.8 -7.9 
 
  
  
Table 4. Location, scale and shape parameters, ξ, α and κ, of the GLO distribution and 
range of SGR for a) the whole recording period, SGR1, and b) assembled segments,  
SGR2, of background activity. 
1981-2007 (a) ξ α κ ΔSGR 
Background 
Seismicity (b) 
ξ α Κ ΔSGR 
Landers 264.5 84.25 -0.66 136.8,  Landers 253.2 44.57 -0.08 -286.1,  
Northridge 27.1 8.81 -0.78 15.4,  Northridge 28.35 7.75 -0.38 7.9,  
Hector Mine 159.1 60.35 -0.71 62.8,  Hector Mine 141.6 36.51 -0.27 6.2,  
 
